cially if manure is surface-applied . 
can lead to NO 3 -N buildup in soil and losses through surface and ground water are pressing environmental challenges facing the dairy and other animal industries. As dairy herds expand to remain economically viable,
I
n most agricultural soils, N is the most limiting a larger percentage of the available cropland is devoted nutrient, and it has to be supplied to cereal crops, to corn silage. The noted expansion of corn silage proparticularly in high productivity systems (Meisinger, duction (Battaglia, 1999; Shaver, 2000) is due to this 1984). Fertilizers, manure, and in some cases, legumes, crop's ability to feed more cows (Bos taurus) than other are the principal N sources for crop production in mixed, forages per unit of cultivated area (Seglar, 1998) , as well dairy-crop production systems. Whereas fertilizer N is as favorable economics (Klemme, 1998) to the farmer. readily soluble in soils and becomes immediately availHowever, the effects of shifting more land to corn silage able for crop uptake, it can also be highly susceptible on other system components, such as N use, buildup to leaching losses. Comfort et al. (1987) found that soil and loss remains to be determined. Since only a relainorganic N and downward movement were increased tively small amount of applied N is ultimately taken up to a greater extent by fertilizer than by manure N. On by the crop, we wanted to track the fate of the unused the other hand, only about half of manure N is inorganic, portion to see whether it was lost or remained in the soil. with the rest being present in organic forms. Organic N The objective of this study was to determine total and must be mineralized before it can be used by plants or inorganic soil N and the N balance of a continuous corn it becomes susceptible to losses. However, when fresh silage cropping system receiving two fertilizer or dairy manure or slurry contain appreciable amounts of urea manure N rates of different application frequency across or NH 4 , N can be easily lost via NH 3 volatilization, espe-3 yr. Unlabeled and tial part of the study because it allowed direct N tracking (grmunoz@uwalumni.com). in the cropping system, and provided more accurate measurements than unlabeled manure.
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After sampling, the remaining plants were removed from the
MATERIALS AND METHODS
field. The site was chisel plowed each fall. Soil samples were
Field Experiment
taken using a stainless steel auger to 90 cm in 30-cm increments each spring, before fertilizer and manure application, and each A field trial was conducted from 1998 to 2000 at the West fall, about a week after harvest. At the beginning of the experiMadison Agricultural Research Station in Madison, WI ment (May 1998), composited samples from 12 cores were (45Њ05Ј N, 89Њ31Ј W) on a Plano silt loam (fine-silty, mixed, taken from two locations per block. Thereafter, samples (foursuperactive, mesic, Typic Argiudolls). Initial surface (0 to core random composite) were retrieved from the control and 15 cm) soil tests values were: pH 6.7 (water); organic matter, fertilized plots, and from plots receiving manure every year 41 g kg Ϫ1 (loss on ignition); Bray P 1 and K levels of 50 and at both application rates. Subsamples were oven-dried (60ЊC), 146 mg kg Ϫ1 , respectively. Total-, NH 4 -, and NO 3 -N levels in ground to pass a 2-mm sieve, and analyzed for total-, NH 4 -, the upper 30 cm of soil were 2026, 14, and 8.2 mg kg Ϫ1 , respecand NO 3 -N. tively.
In fall 2000, all 15 N microplots were systematically sampled Before experiment initiation, the field was cropped to al-25 cm apart from the center of the microplot in every direction falfa (Medicago sativa L.) from 1994 to 1996 and to corn in (i.e., two cores from the central row and two cores from be-1997. No manure had been applied for at least 4 yr before tween rows) using a plywood template. Samples were prothe start of the trial. Treatments consisted of two inorganic cessed and analyzed similarly to those from the main plots. fertilizer N levels (90 or 179 kg ha Ϫ1 , as NH 4 NO 3 ), two manure In addition,
15
N enrichment of soil total-and inorganic-N fracrates (estimated to provide ≈90 and 180 kg available N ha Ϫ1 tions was determined. For 15 N enrichment analysis, soil subto corn the first year following application), a control receiving samples were hand-ground in a ceramic mortar and sieved to neither fertilizer nor manure, and three manure application pass a 100-m mesh screen. intervals (every 1, 2, or 3 yr). The same manure N rate was used every year it was applied. Fertilizer N was applied every year to the same plots. The design of the field trial was a split
Chemical Analyses
plot, with fertilizer treatments and manure rates applied to Manure N content was analyzed following the procedures whole plots. Application intervals were the subplots within the outlined by Combs et al. (2001) . Total soil N was determined manure whole plots. Nitrogen rates were applied to subplots in following a Kjeldahl digestion (Nelson and Sommers, 1972 ) the fertilizer whole plots. Whole and subplots (henceforth with these modifications: 1.5 g of Kjeldahl mix (Na 2 SO 4 -referred to as plots) were arranged in four randomized-comCuSO 4 -Se in a ratio of 1000:32:5) and 5 mL concentrated plete blocks to give four replications of each treatment. The H 2 SO 4 were used. Our soil typically contained Ͻ1% of total plots were 10.6 by 6 m, separated by 1.5-m alleys and contained N as NO 3 -N, therefore, a Kjeldahl digestion provided an adeeight corn rows that were 0.75 m apart. Bremner, 1996) . For the topsoil (0 microplots of 1.5 by 2.3 m containing three corn rows were to 30 cm), a 1-g subsample was digested, and a 2-g subsample established within each of the low manure rate plots, following was used for soil taken from lower (30-to 60-and 60-to 90-the design proposed by Jokela and Randall (1987) . Manure cm) depths. The digest was diluted to 50 mL, filtered through applied to these microplots in 1998, 1999, and 2000 N-enriched silage sodium hypochlorite. Total N in plant tissue was determined and alfalfa following the procedure described by Powell and following a similar procedure on 250-mg samples. Wu (1999) to obtain labeled urine and feces having uniformlySoil NH 4 -and NO 3 -N were determined according to a labeled microbial and undigested feed N components. Fertilmodification of the procedure described by Liegel et al. (1980) . izer and manure were applied ≈5 d before planting. The field The KCl extract was filtered through Whatman no. 2 paper was disked twice within 3 to 20 h after manure application.
and analyzed for NH 4 -N following the same procedure already Manure amounts and manure N and NH 4 -N applied each year described, and for NO 3 -N using the QuikChem Method 12-are presented in described by Stark and Hart (1996) times and treatments. Given the differences known to exist levels vs. sampling time (each time was assigned a number from 1 to 6), and the best fit was chosen between first-and second-order polynomials.
Calculations
Cumulative N recovery in corn was calculated by the difference method:
where Tmt N upt and Ctrl N upt is the N (kg ha
Ϫ1
) contained in the aboveground dry matter for a given treatment and control plots, respectively. Applied N is the total amount of 
RESULTS AND DISCUSSION Inorganic Soil Nitrogen
Measured soil NH 4 -N levels for all sampling times where q ϭ total N in soil, e ϭ atom % all cases except for treatment ϫ time at the deepest first cropping season, except for spring 1999. Plots that received fertilizer at the high rate had significantly layer (P ϭ 0.02). Statistical analyses of soil NO 3 -N levels by time and depth (Table 2) showed significant differhigher NO 3 -N levels than the control, which always had the lowest values. Soil NO 3 -N in plots receiving the high ences among treatments in the topsoil (0 to 30 cm) after the second cropping season (i.e., after two fertilizer or manure rate was higher than the controls in spring 2000 only. Plots fertilized at the low rate had higher NO 3 -N manure applications); hence, the following observations refer to those sampling times. The lowest and highest levels than the control in fall 1999. Both fertilizer and manure additions tended to in-NO 3 -N levels always corresponded to the control and the high manure rate, respectively. Differences tended crease soil NO 3 -N compared with the control. Although the fertilizer effect on topsoil NO 3 -N levels was lower to become more pronounced with time. There was usually no difference in soil NO 3 -N levels in plots amended than that of manure, fertilizer increased NO 3 -N concentrations in lower soil depths indicating that more fertiliwith the low manure rate or either fertilizer rate. Manure at the high rate significantly increased NO 3 -N comzer-than manure-N moved downward as NO 3 -N during the growing season. This difference in behavior was pared with the low rate and the control.
In the 30-to 60-cm soil layer, significant differences probably due to the fact that NO 3 -N applied as inorganic fertilizer is immediately solubilized in soil and therefore were found at the same sampling times as for the topsoil and, in addition, after the first application (fall of 1998). more susceptible to downward movement within the soil profile if there is no crop to utilize it. More than In all of these instances, the high fertilizer rate significantly increased NO 3 -N levels with respect to control half of manure N, on the other hand, is in organic forms, and virtually all of the rest is present initially as NH 4 -N. plots, which had the lowest NO 3 -N concentrations. Manure applied at the high rate resulted in significantly Hence, manure organic N has to be mineralized and nitrified before it becomes susceptible to leaching. higher NO 3 -N levels than the control in 2000 only. The low manure rate, on the other hand, had NO 3 -N levels
Another interesting trend observed in Table 2 is the almost invariably higher NO 3 -N concentrations obin the 30-to 60-cm soil layer that were never statistically different from the control. Fertilizer applied at the low served in the spring than in the fall, at the 30-to 60-and 60-to 90-cm soil depths. This was likely due to rate gave similar NO 3 -N levels as manure applied at the high rate, except in spring 2000, when it was significantly downward movement of some N during the previous winter and early spring, whereas the fall sampling relower. Greater downward NO 3 -N movement was also found for fertilizer than manure applications by other flects a decrease in the NO 3 -N pool during the cropping season by plant uptake, and perhaps leaching; however, authors (Sutton et al., 1978; Comfort et al., 1987) .
Significant differences in soil NO 3 -N concentrations previous research on similar soils has shown little leaching during the growing season (Olsen et al., 1970 ; Kelling at the 60-to 90-cm depth were also detected after the Net total soil N increases in plots that received the Control y ϭ 6.9 --low and high manure rates, based on regression analy- † y is the soil NO 3 -N concentration in mg kg Ϫ1 , x is the sampling time (1-6 ses, were 2.0 and 2.9 Mg ha
Ϫ1
, respectively, across the corresponding to spring, 1998, through fall, 2000, as shown in Table 4 ).
3-yr study period. For fertilizer, these values were 1.9 ‡ Fertilizer rates were 90 and 179 kg N ha Ϫ1 yr Ϫ1 for the low and high and 2.0 Mg ha
. It is clear that these measurements levels, respectively. § Three-year average manure rates were 236 and 459 kg total N ha Ϫ1 yr Ϫ1
are not sufficiently accurate, since they predict soil N for the low and high levels, respectively. increases much higher than the total N applied (0.7 and 1.4 Mg ha Ϫ1 for manure, and 0.3 and 0.5 Mg ha Ϫ1 for et al., 1977) . Topsoil (0 to 30 cm) NO 3 -N concentrations fertilizer). It should be noted that, for most treatments, did not follow the same pattern as at lower soil depths, the last soil sample taken showed much higher N levels probably because of continual mineralization and subsethan the previous five. This greatly influenced our estiquent nitrification in the upper soil profile. mation of total soil N at the end of the third study year. There was a clear trend, described by linear regresIf the fall 2000 soil samples were anomalously high, sion, toward increased NO 3 -N concentrations across it is possible that additional observations may rectify time in the topsoil for both manure rates and for the high our estimations. fertilizer rate. Equations and statistics are presented in Table 3 . Regressions were not significant for the deeper soil layers. The slope for the high manure rate was
Use of 15

Nitrogen-labeled Manure significantly greater than those of the other treatments
Soil Nitrate-Nitrogen (P Ͻ 0.0001), indicating that NO 3 -N tended to accumulate to a greater degree in manured than fertilized plots.
According to soil 15 NO 3 -N measurements, soil NO 3 -N This also appears to support the argument for greater increases due to 3 yr of manure application ranged from short-term leaching potential from the fertilizer. Com-0.1 to 6.7 kg ha Ϫ1 (Fig. 2) . Most (74 to 94%) of this fort et al. (1987) found that high manure rates did not NO 3 -N was found in the upper 30 cm of soil. On average, significantly increase inorganic N below 30 cm in the first more NO 3 -N was found in the 60-to 90-cm than in the application year, whereas fertilizer N did, and Kimble et 30-to 60-cm depth, but the difference was not significant al. (1972) measured more NO 3 -N available for leaching and was likely due to high variability and/or the movein fertilized than manured plots. Jokela (1992) found ment of N from previous year applications. Statistical that manure had the same, or slightly lower leaching analyses revealed that manure application interval had potential than an agronomically equivalent fertilizer a significant effect on NO 3 levels both in the 0-to 30-cm rate.
depth and the entire 0-to 90-cm sampled depth (P ϭ It might be expected that the downward movement 0.006 and 0.060, respectively). The greatest amount of of NO 3 -N will eventually become a problem even for soil NO 3 -N was found in plots receiving more frequent manure, especially at high manure rates. Chang et al. or recent manure applications (Fig. 2) . This likely re-(1991) reported increases of 0.72 Mg NO 3 -N ha Ϫ1 after flected the higher N loads resulting from repeated ma-11 yr of continuous manure application at a rate of 30 Mg nure applications, and higher crop uptake and losses manure ha Ϫ1 yr Ϫ1 (wet weight), with effects extending to from manure that remained in the soil for a longer the 150-cm depth. Nitrate in the 0-to 150-cm depth period. Treatment did not have an effect on 15 NO 3 -N continually increased with repeated manure applicain the 30-to 60-cm depth. The only significant difference tions (20 yr) in nonirrigated sites (Chang and Janzen, found at the 60-to 90-cm layer was for plots continu-1996). After three annual manure applications, Comfort ously manured, which had concentrations significantly et al. (1987) reported similar soil NO 3 -N for fertilizer higher than any other treatment. Manure increased and manure treatments that were usually significantly NO 3 -N levels in the subsoil only in plots that received higher than controls at the 60-to 120-cm depth after three consecutive manure applications, and only to a harvest.
small degree. These data confirmed the large plot trends (Table 2) , that manure applied at the low rate had a
Total Soil Nitrogen
low leaching potential during this 3-yr period. Other researchers conducting direct 15 N leaching measureTotal soil N concentrations by depth at each of the ments from manure showed leaching losses that ranged six sampling times are shown in Table 4 . As would be from Ͻ0.3 to 4% after 2 yr, with most of the leaching expected, total N concentrations decreased with soil occurring during the year of application (Sørensen et depth. Regression analyses were performed to describe al., 1994; Sørensen and Jensen, 1998) . However, NO 3 -N the effect of repeated N applications on total soil N (Mg leaching is likely to be underestimated by (Fig. 1) . addition, although we did not follow 15 NO 3 -N changes with time, it is clear that the more frequent the manure The highest increase in soil 15 N was found in plots that received manure for three consecutive years and applications, the greater the soil NO 3 -N increase. It is realistic to infer that manure could impact N leaching every other year. This trend was observed for the total sampled soil profile (0-to 90-cm), as well as across each in the future, especially on plots continuously manured.
of the 30-cm incremental depths.
Soil Nitrogen Balance
Total soil N increases due to manure application as Manure and fertilizer N applications, crop N uptake, measured by 15 N enrichment at the end of the third and differences in total soil N at the onset and end of cropping season are presented in Fig. 3 . Values ranged the 3-yr trial were used to compute soil N balances for from 52 to 373 kg N ha Ϫ1 to a depth of 90 cm. The each treatment. According to the difference method N increase in plots receiving manure every year (1998 (Eq.
[1]), only 5 to 6% of total applied manure N was NH 3 volatilization losses. Further differences might arise from the crops grown, manure type (sheep or chicken), recovered in total corn dry matter by the end of the third cropping season, vs. 46 to 51% for applied fertilizer and soil conditions. In plots receiving manure every year, 19% of applied N (Table 5 ). Lower apparent recovery of manure than fertilizer N was mostly due to greater amounts of ma-15 N was accounted for in harvested corn. The lower recovery of unlabeled manure N in crops (5%, Table 5 ) nure than fertilizer N applied, and to a lesser extent, somewhat lower corn N recovery in plots amended with is probably due to the high N uptake in control plots throughout the experiment, which is subtracted out usmanure than fertilizer. The apparent relative amount of fertilizer and manure N recovered in the soil (Eq. [2]) ing the difference method (Eq.
[2]). Indeed, when crop N uptake in control plots is greater than in a treatment was two to seven times greater than N applications. Such gains in total soil N over and above N applications plot (i.e., 1998 low manure applications), a negative manure N recovery is obtained. Without question, the cannot be considered a rational result. The most logical explanation for these high estimates of soil N increases 15 N method provided a much better direct estimate of manure N uptake by corn. is that the fertilizer and manure N inputs represented only 1 to 10% of the basal soil N levels, which is less Approximately one-half to two-thirds of applied manure N was recovered in soil (0 to 90 cm), with one than the accuracy of the sampling and analytical methods used. The sampling and normal field variation likely exception. Only 24% of the manure 15 N applied in 1998 was recovered in soil. Nitrogen recovered in the soil further increased the uncertainty of the determinations. Using 15 N measurements, from 13 to 22% of applied probably included slowly-decomposing and recalcitrant fractions of manure (undigested feed N in feces, which manure N was recovered in the harvested corn during the 3-yr study period (Table 6 ). Manure application accounts for ≈20% of fecal N excreted by dairy cows; Powell and Wu, 1999) , and manure N that was incorpointerval had no significant effect on cumulative N recovery by corn. Sørensen et al. (1994) found that after two rated into new microbial biomass. Although our experiment did not allow us to corroborate this, it would be cropping seasons, 24% of applied The effects of year and frequency of manure application on the amount of applied 15 N recovered in the soil two barley crops was found by Thomsen et al. (1997) . Still a higher cumulative 15 N uptake (56%) by barley were not statistically significant. An average of 80% of the total 15 N measured in the soil was present in the 0-across 2 yr was found by Jensen et al. (1999) . In this last study, barley was undersown with ryegrass, and the to 30-cm depth, with ≈13 and 6% in the 30-to 60-and 60-to 90-cm depths, respectively. This suggests either soil was continuously cropped; therefore, it was reasonable to recover a higher percentage of 15 N than when relatively little downward movement of applied manure N, or that leached N may have moved out of the 0-to the soil was fallow for some periods, as in our study. In addition, all these experiments were performed in small 90-cm layer. Nitrogen increases below 30 cm must have come from NO 3 -N movement to lower soil depths and lysimeters or confined plots (30-to 100-cm diam.) where manure was immediately covered with soil, minimizing subsequent immobilization, mixing by soil fauna, or pos- N-enriched manure confirmed the trends in served between the 30-to 60-(6%) and 60-to 90-cm vertical distribution of soil N observed with unlabeled (2%) depths. Other studies have recovered a greater manure. It also showed that increases in soil N were proportion of applied 15 N in soil, such as 76 to 83% from higher in plots receiving more frequent or recent mathe 0-to 10-cm depth, and 11 to 19% from the 10-to nure additions. Clearly,
15
N-labeled manure provided 45-cm depth (Sørensen et al., 1994 Most of the N remaining in soil (an average of 82% of in the top 10 to 15 cm. Sommerfeldt et al. (1988) also that recovered) was present in the top 30 cm, irrespecfound manure to affect total N and organic matter to a tive of frequency of manure application. depth of 30 cm only.
The results obtained in this experiment showed that, In plots receiving manure in 1998 only, the highest although more costly and time-consuming,
N studies amount of 15 N (59%) could not be accounted for. Actual can be a valuable tool in dairy manure research. This N losses were not measured, but a longer period of time method proved to be a better approach than unlabeled elapsed between spreading and incorporation of the manure to study the fate of manure N within the soilmanure in 1998 (≈20 h) than during the other two study crop system. years (≈2 h), possibly allowing for greater NH 3 volatilization. Our measurements do not seem to indicate much ACKNOWLEDGMENTS leaching (Table 2 and losses have been estimated to range from 0.2 to 7.1% of incorporated dairy manure N (Goodroad et al., 1984; 
